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Abstract. De Haas-van Alphen oscillations of the organic metal ^-(ET)4ZnBr4(C6H4Cl2) are studied in 
pulsed magnetic fields up to 81 T. The long decay time of the pulse allows determining reliable field- 
dependent amplitudes of Fourier components with frequencies up to several kiloteslas. The Fourier spectrum 
is in agreement with the model of a linear chain of coupled orbits. In this model, all the observed frequencies 
are Unear combinations of the frequency linked to the basic orbit a and to the magnetic-breakdown orbit 
/3. 

PACS. XX.XX.XX No PACS code given 



^ 1 Introduction magnetic transitions in the quasi-one dimensional Ising 

antiferromagnet CsCoCla up to 85 T [Ij and, shortly af- 

High magnetic fields produced by pulsed magnets are known 

terwards, up to 94 T in the itinerant paramagnet YC02 

to be powerful tools for solid state physics. Among the ex- 

[2J. Nevertheless, such pulses have very short durations of 

periments performed at very high magnetic fields (above 

a few /is, hampering reliable determination of phenomena 

70 T), right from the late eighties, single-turn destructive 

involving abrupt field-dependent changes of any physical 

coils have been successfully used for the study of meta- 

property. 
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In recent years, efforts have been made to develop non- 
destructive devices providing fields above 70 T with longer 
pulses. The most recent world record has been established 
in March 2012 at the National High Magnetic Field Lab- 
oratory (NHMFL)-Los Alamos [3 , with a non-destructive 
pulse of up to 100.75 T. Competition between the dif- 
ferent pulsed field facilities is intense, and record non- 
destructive fields of 94.2 T, 86 T, and 82.5 T, were re- 
cently obtained at the HLD-Dresden [4 , the ISSP-Tokyo 
[5], and the WHMFC- Wuhan [6], respectively. However, 
one should always bear in mind that these magnets are 
research tools, and their utility depends not exclusively on 
the field strength. Other factors, like pulse duration and 
bore size are essential for the realization of state-of-the- 
art high field measurements. Part of the progress obtained 
with the recent record fields was at the expense of these 
other parameters, limiting the usefulness of such mag- 
nets for experiments. Within this context, the LNCMI- 
Toulouse pulsed field facility strategy is to focus on offer- 
ing optimal experimental conditions closest to record field 
strengths. The newest double coil system recently put into 
operation in Toulouse 'only' generates magnetic fields up 
to 81.2 T, but it offers a world record field duration of 
10.2 ms above 70 T, reducing eddy current problems and 
facilitating high quality data acquisition (see Fig. [T]). 

Up to now, experimental studies in non-destructive 
magnetic fields higher than 80 T have only been reported 
at the NHFML-Los Alamos. Recent examples are the de- 
termination of a cascade of metamagnetic transitions in 
LaCoOa [7 and the observation of quantum oscillations 
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Fig. 1. (Color on line) (a) Temporal profiles of the highest non- 
destructive magnetic field pulses generated at different pulsed- 
field facilities (b) Duration time above 70 T versus maximum 
magnetic field of these pulses. 

with frequencies of few hundredth of teslas [3 in pulsed 
fields up to 97 T and 100.75 T, respectively. We present 
here the first experimental study performed in Europe in 
magnetic fields higher than 80 T. De Haas- van Alphen 
(dHvA) oscillations of the quasi-two-dimensional organic 
metal (9-(ET)4ZnBr4(C6H4Cl2), where ET stands for the 
bis(ethylenedithio)tetrathiafulvalene molecule, are stud- 
ied up to 81 T at 1.5 K. Indeed, as reported hereafter, 
its oscillatory spectrum involves frequencies as high as 
several kiloteslas. In line with statements of [8 , field- 
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dependent amplitudes of the studied basic and magnetic- 
breakdown (MB) orbits are in agreement with the Lifshits- 
Kosevich and Fahcov-Stachowiak models [9 in a large 
field range. We demonstrate that reliable determination 
of physical properties rapidly varying with magnetic field 
can be obtained with the new long-pulse 80-T magnet of 
the LNCMI- Toulouse, since the decay time of the pulse is 
long enough. 

2 Experimental 

The studied crystal was synthesized by the electrocrystal- 
lization technique reported in [10 . Magnetic torque was 
measured with a piezoresistive microcantilever as reported 
in [8]. X-ray diffraction data were collected at 100 K with a 
KM-4 single-crystal diffractometer (Kuma Diffraction) at 
the IP CP of Chernogolovka and at 180 K with an Xcal- 
ibur diffractometer (Oxford Diffraction) at the Labor a- 
toire de Chimie de Coordination of Toulouse. Pulsed mag- 
netic fields results were obtained with a two-coil system 
pT| [T2 ] in which the external coil provides a background 
field of 32.3 T. At a time close to the maximum of the 
background field, the inner coil is powered producing a 
maximum field of 81.2 T (see Fig. [2]). Both coils are pow- 
ered by an independent generator. The decay time elapsed 
between 81.2 T and 32.3 T is 18 ms, i.e. about a factor of 
two larger than in Ref. ^ . 

The time constant (tc) of the lock-in used for measure- 
ments must be large enough to achieve a suitable signal-to- 
noise ratio. However, reliable data are only obtained pro- 
vided Tc is small enough compared to the temporal vari- 
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Fig. 2. (Color on line) (a) Temporal profile of the pulsed field. 
The inset in (a) displays the top of the two-coil device, (b) Field 
dependence of the parameter B^/(dB/dt) relevant to the high 
field part. Horizontal line marks the uFtc value corresponding 
to n=8, F= 8.1 kT and Tc = 10 /is (see text). The resulting 
minimum field (44 T) at which reliable data is obtained for 
this frequency is marked by the vertical arrow. Red and blue 
solid lines stand for the raising and decaying part of the pulse, 
respectively. 

ation of the measured quantity (see e.g. [IS]). For dHvA 
oscillations, that are periodic in 1/B with a given fre- 
quency F, the time {St) elapsed during one oscillation is, 
at first order, given by St = B'^ /{F\dB /dt\). We have em- 
pirically checked that the condition Tc < St/n with n 
8 must be fulfilled to get reliable value of the oscillation 
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amplitude. Namely experiments performed with time con- 
stant such as Tc > 5t/S yield damped oscillations. The field 
dependence of B'^ /\dB / dt\^ which should be higher than 
nFrc, is displayed in Fig. ^p. As reported in Ref. [M], 
even though \dB/dt\ roughly exponentially decreases as 
the magnetic field decreases, 5t still decreases as the mag- 
netic field decreases which hamper reliable determination 
of the oscillations amplitude at low field. As an example, 
the highest frequency considered in our data analysis (see 
next section) is F = 8.1 kT. For n = 8 and Tc = 10 /is, 
which is the time constant value used for the reported 
measurements, reliable data relevant to this frequency are 
obtained for B'^ /{F\dB/dt\) > 0.648 Ts, i.e., for a mag- 
netic field higher than 44 T (see Fig. ^jp). We emphasize 
that for (dB/dt) twice as large as for the pulse of Fig. [2j 
reliable data regarding this Fourier component would be 
obtained in a much smaller field range, ranging from 68 




Fig. 3. (Color on line) (a) Magnetic torque at 1.5 K in the 



T to 81 T, only. Obviously, reliable data relevant to lower ^'^h field range and (b) corresponding Fourier analysis. Solid 

„ . 1 1 . 1 1 n n 1 1 triangles are marks calculated with F^ = 0.93 kT and F/3 = 

frequencies can be obtamed down to smaller fields. 

4.5 kT. 



3 Results and discussion 

Magnetic torque data and the corresponding Fourier anal- 
ysis in the field range above 44 T are displayed in Fig. [3l 
All the observed frequencies are linear combinations of 
= 0.93 kT and F/3 = 4.5 kT. Such a spectrum, relevant to 
the linear chain of coupled orbits model [9 , 15 , is in agree- 
ment with the data reported for the charge transfer salt 
(9-(ET)4CoBr4(C6H4Cl2), which differs from the studied 
compound by substitution of Zn by Co. This result is not 
surprising since, according to X-ray diffraction data [8 , 



these two compounds are isostructural. For this kind of 
Fermi surface, and F^ correspond to the closed orbit 
a and the MB orbit /3, respectively (see Fig. HJ. In agree- 
ment with X-ray diffraction data, the area of the P orbit 
is equal to that of the first Brillouin zone area. 

As discussed in Ref. [8 , oscillation spectra can be strongly 
influenced by both the MB-induced formation of Landau 
bands and oscillation of the chemical potential, which are 
liable to induce Fourier components corresponding to 'for- 
bidden orbits'. This is for example the case of /3 — a which 
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Fig. 4. (Color on line) Field- dependent amplitude of the 
Fourier components relevant to a (circles), f5 (squares) and 
2f5 — a (triangles). Solid lines are obtained from the Lifshits- 
Kosevich model with rria — 1-9, — 3.5, Td = 1.2 K and Bq 
= 25 T (see text). 



cannot correspond to a MB orbit. Besides, field and tem- 
perature dependence of several other Fourier components 
(such as 2a and /3 + a) are not in agreement with the 
semiclassical model of Falicov-Stachowiak [9 . Analysis of 
these phenomena, which requires a comprehensive field 
and temperature dependence study, is beyond the scope 
of this paper. In line with the discussion of the preceding 
section, only the amplitude of Fourier components with 
frequencies of at most 8.1 kT can be reliably measured 
in the field range down to 44 T. In other words, the am- 
plitude of all the Fourier components beyond 2/3 — a are 
underestimated in the data of Fig.jSjD. Therefore, only the 
basic a and MB-induced j3 and 2j3 — a orbits, which are 
expected to follow the semiclassical model [8 , are consid- 
ered in the following. 
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For magnetic torque oscillations, the amplitude A{r]) 
of the Fourier component relevant to a given orbit 77 can 
be written as: 



A{r]) (X BRt{v)Rd{v)Rmb{v) (1) 

According to the Lifshits-Kosevich and Falicov-Stachowiak 
models [9 , thermal. Dingle and MB damping factors are 
given by Rt{v) = uoTmrj/[Bsinh{uoTmrj/ B)], Rd{v) = 
exp{—uoT]jmrj/ B) and Rmb{v) = p^^^^^ q^^^^\ respectively, 
where uq = 2Ti'^mekB / eh and is the effective mass. In 
the framework of the Falicov-Stachowiak model, the ef- 
fective mass of 2/3 — a is given by m2f3-a = '^^(d-^a- 
The Dingle temperature, Tjj = h/27rkBT where r is the 
relaxation time, is assumed to be the same for all the 
considered orbits. Integers n^{r]) and n^{r]) are the num- 
ber of MB tunnelings and Bragg reflections, respectively. 
The MB tunneling and reflection probabilities are given 
hy p = ex.p{—Bo/2B) and = 1 - p^, respectively, where 
Bq is the MB field. The field-dependent amplitude of the 
considered orbits is displayed in Fig. HJ Solid lines in this 
figure are calculated with Eq.[TJ assuming rria = 1.9, m/3 = 
3.5, Td = 1.2 K and = 25 T. Obviously, accurate de- 
termination of these parameters requires comprehensive 
analysis of the temperature dependence of the relevant 
amplitudes. Nevertheless, a good agreement between ex- 
perimental data and Eq. [T] is observed. 
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De Haas-van Alphen oscillations of the organic metal 0- 
(ET)4ZnBr4(C6H4Cl2) have been measured at 1.5 K in 
pulsed magnetic field of up to 81 T. The Fourier spec- 
trum is in agreement with the model of a linear chain of 
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